Abstract
Introduction
Scan-based built-in self-test (BIST) represents an attractive solution to the challenges of testing complex integrated circuits. Using simple built-in structures for pattern generation and test response analysis eliminates the need for expensive external test equipment as well as the problem of external access to internal components (cores) of complex integrated circuits. The general approach uses a simple random-pattern generator, for example a linear feedback shift register (LFSR), which minimizes both the hardware overhead and the impact on system's performance [1] . Several techniques have been proposed for alleviating the problem of random pattern resistant (RPR) faults. These solutions range from test point insertion to weighted random pattern testing and mixed-mode testing [1] and offer different trade-offs between fault coverage, area, performance and testing time.
In mixed-mode BIST a limited number of pseudorandom vectors are used to cover the easy-to-detect faults, while the few remaining RPR (or hard-to-detect) faults are covered with a small number of deterministic vectors. The deterministic vectors are stored on-chip in a compressed format and expanded during test (i.e. "store and generate" architectures) [5, 8, 6 ], or directly embedded into an LFSR sequence by "bit-fixing" [11] or "bit-flipping" [13] techniques. Although "bit-fixing" and "bit-flipping" techniques provide high quality tests, the corresponding BIST hardware is very dependent on the test set and the circuit under test (CUT), thus any change in the test set or CUT requires a complete re-synthesis of the BIST hardware. "Store and generate" BIST architectures represent a more flexible solution with comparable associated costs. In these approaches, deterministic patterns are encoded as seeds of simple test pattern generators (TPGs) such as LFSRs [6] or multiplepolynomial LFSRs (MP-LFSRs) [5, 8] . Koenemann [6] proposed an interesting method of encoding test data based on controlled re-seeding of single polynomial LFSRs. This technique is suitable for scan designs and delivers, at the cost of a small storage requirement, shorter test application time when compared to weighted random pattern generators. Hellebrand et al. [5] extended the LFSR re-seeding technique to multiple-polynomial LFSRs which reduces the storage requirements and the LFSR length when compared to the re-seeding of single-polynomial LFSRs. Rajski et. al. [8] adapted the MP-LFSR TPG to a test environment with multiple scan-chains and boundary scan chain.
While mixed-mode BIST solves the test application time and fault coverage problems associated with pseudorandom test [2] , its main drawback is the excessive power dissipation caused by the uncorrelated sequences in the scan chain. The excessive power dissipation may lead to destructive test or manufacturing yield loss. Many techniques for reducing switching activity during scan or BIST have been proposed recently and summarized in [4, 7] . The TPG schemes for generating correlated vectors [12] or non-detecting pattern suppression [3] require very little hardware overhead, however they do not provide high fault coverage for circuits with RPR faults, which is the very purpose of mixed-mode BIST. To the best of our knowledge no previous approaches have addressed the problem of high power dissipation associated with mixed-mode BIST, which is the aim of this paper. This paper presents a new TPG architecture based on re-seeding MP-LFSR structures which achieves high fault coverage in short test application time while consistently re- ducing the number of transitions in the scan chain by 25%. The rest of the paper is organized as follows. Section 2 reviews the basic concepts behind the use of re-seedable MPLFSRs and their high switching activity. Section 3 presents our method for reducing the number of transitions in the scan chain, and consequently the power dissipation in the circuit under test, without affecting the test quality. Our method exploits the "masking" properties of AND and OR logic functions and the randomness of patterns generated by LFSRs. Section 4 describes the TPG architecture which implements the method presented in section 3. Section 5 reports the results of the experiments performed to assess the efficiency of our method.
Deterministic test generation by re-seeding multiple-polynomial LFSRs
In this section we summarize the theory for encoding deterministic test cubes using MP-LFSRs and, using a motivational example, we show that this approach can lead to unnecessarily high switching activity.
While most faults in a circuit can be detected with high probability with any pseudo-random pattern sequence of a certain, yet reasonable, length, detecting the few RPR faults of a circuit requires prohibitively long pseudo-random sequences. Hence, in order to keep the test application time within acceptable limits, in mixed mode BIST the easy-todetect faults are covered with a limited number of LFSRgenerated pseudo-random patterns, and the remaining RPR faults are detected using a few deterministic test cubes stored on chip. The sparseness of "care bits" (or specified bits) in deterministic test cubes (typically less than 10% of the length of the scan chain) suggested the idea of encoding them into a compressed form in order to avoid large and unjustified test data storage requirements. Figure 1 shows the basic structure of a MP-LFSR pattern generator. The decoding logic is used to select one of the several possible LFSR feedback configurations, and the seeds are loaded serially or in parallel into the shift register. Hence, in this approach, a test cube ¤ is encoded as an identifier for the LFSR feedback polynomial (the q-bit polID from Figure 1 ) and the initial seed (the k-bit seed from Figure 1 ) which will generate a test vector covered by . Thus, by using this technique the storage requirements for encoding a test cube are determined only by the number of specified bits in the test cube. The procedure for computing the initial seed for a given test cube and feedback polynomial is illustrated in the following example. The test pattern generated by the given LFSR starting from the computed initial seed will be
, where the underlined positions represent the specified bits from the original test cube. This example has shown how a 10-bit test cube can be encoded as a 4-bit LFSR seed. The pattern generated using this initial seed contains 5 transitions between successive bits.
Patterns generated by LFSRs, with or without re-seeding, contain a large number of transitions between consecutive bits due to the pseudo-random behavior of LFSRs. In the following section we are proposing a method for reducing the number of transitions from LFSR-generated patterns by exploiting properties of AND and OR logic functions. Our approach, tailored for a mixed-mode BIST environment, overcomes the shortcomings of previous solutions for low power scan testing by providing high fault coverage within short test application time and with reduced power dissipation during test.
Reducing the number of transitions in the scan chain
This section explains the method we are proposing in order to reduce the number of transitions in the scan chain when using a MP-LFSR based TPG. First, we give some definitions and basic concepts.
Given a logic signal , the signal probability represents the average fraction of clock cycles when signal 
From equations (2), (3) and (4) we conclude that both AND and OR compositions of two mutually independent random signals produce signals with transition probabilities 25% lower than those of the original signals. The fact that LFSR-generated bit-sequences exhibit a high degree of randomness together with the previous observation motivated the use of AND/OR composition for reducing the number of transitions in the scan chain, and consequently the power dissipation in the CUT. In the following we will explain how this method can be used in a mixed mode BIST environment. There are two problems which need to be addressed in order to guarantee the fault coverage of patterns generated by AND/OR composition:
·
The first problem is to ensure that by AND/OR composition we can produce patterns with good random properties for covering the easy-to-detect faults within a reasonable amount of time. This is achieved by performing the AND/OR composition on mutually independent patterns.
The second problem is to employ AND/OR composition for generating patterns corresponding to deterministic test cubes for RPR faults. This is addressed next.
The previous section has shown how a pattern covering the specified bits in a test cube¸can be generated by re-seeding an LFSR. What we need now is an algorithmic method for deriving a "mask pattern" ¹ which, by AND/OR composition with , will produce a pattern º which covers the specified bits from¸, The "mask pattern" which will be generated using this seed is
, where the underlined positions represent the specified bits from , where the underlined positions show the specified bits from the original test cube¸, preserved through AND composition. The pattern from Example 1 generated by the traditional MP-LFSR TPG has 5 transitions between consecutive bits, while the pattern º produced by our method for the same deterministic cube contains only 3 transitions between consecutive bits.
Thus we have shown how suitable "mask patterns" which reduce the number of transitions in the scan chain by AND (OR) composition can be generated in a similar manner with patterns for deterministic test cubes. By using our method, a deterministic cube is encoded as two (polynomial identifier, initial seed) pairs: one pair encodes the deterministic test cube while the second pair encodes the "mask cube", corresponding to the test cube and to the selected composition function, which ensures that the specified bits in the test cube are preserved through composition. The following section describes a new TPG architecture which implements this method.
Test pattern generator for low power mixedmode BIST
In the previous section we have shown how AND(OR) composition of MP-LFSR generated pseudo-random sequences can be used to reduce the number of transitions in the scan chain during pseudo-random test. We have also provided a method of generating "mask patterns" for reducing the number of transitions during the deterministic testing mode without affecting the fault coverage. In this section we will describe the architecture of our TPG based on AND(OR) composition and re-seeding of MP-LFSRs.
The basic idea is to have two different MP-LFSRs operated in parallel and apply to the input of the scan chain the AND/OR composition of the bit-sequences generated by the two MP-LFSRs. The main MP-LFSR will act as a traditional MP-LFSR TPG [5, 8] , while the secondary MP-LFSR will produce "mask patterns" to reduce the number of transitions in the scan chain. We have implemented this solution with the TPG shown in Figure 2 . The two MP-LFSRs share the decoding logic for selecting the feedback configurations in order to minimize the hardware overhead and the memory required for storing the polynomial identifiers for the test and mask cubes. The randomness of the test patterns generated by such an architecture, which ensures rapid coverage of easy-to-detect faults, can be easily achieved by using different primitive characteristic polynomials for the two MP-LFSRs. Generation of deterministic patterns for covering the RPR faults is achieved by re-seeding the two MP-LFSRs with stored seeds computed as explained in sections 2 and 3.
The minimum length of the MP-LFSR, and consequently the size of the memory for storing the initial seeds, is given by the number of specified bits in the cube to be encoded, as mentioned in section 2. The size of the main MP-LFSR, Ò from Figure 2 , is determined by the maximum number of specified bits per cube in the precomputed test cubes. However in the case of the secondary MP-LFSR, for each test cube we have two possible mask cubes, one for AND composition and one for OR composition. We can exploit this fact by selecting for each test cube the composition function which leads to the mask cube with less specified vectors. The ¹ bit from Figure 2 is used to select the appropriate composition function for each test cube. In the following we will determine an upper bound for the maximum number of specified bits in mask cubes when we can choose for each cube between AND and OR composition. Given a test cube¸, let 
specified bits. As the sets of specified bits of
are disjoint, and their union is equal to r ¦ ¤ , the set of specified bits of ¤ , we have
By adding inequalities (6) and (7) and using equation (5) we obtain: , where is a small constant, 2 in our experiments, which ensures that the probability of finding an initial seed for each mask cube is high, and consequently the total number of feedback polynomials is small. Although intuitively it seems that we need to double the storage requirements, inequality (8) 
Experimental results
We have performed several experiments using the full scan versions of the ISCAS-89 circuits in order to asses the efficiency and the cost of the proposed method. We have used ATALANTA [9] for automatic generation of the deterministic test cubes and FSIM [10] for fault simulation. The method for computing initial seeds and feedback polynomials described in section 2, and our method for deriving mask patterns described in section 3 were implemented using C++.
In our experiments shown in Table 1 , we have first assigned some default initial seeds and feedback polynomials to the two MP-LFSRs. We have also selected a default composition function, AND for example. Using this configuration we have generated 1k pseudo-random patterns and is the maximum number of specified bits Ó in all the mask cubes. Having set the length of both MP-LFSRs, we have computed for each test cube and corresponding mask cube the initial seeds, feedback polynomials and corresponding output patterns for the two MP-LFSRs as well as the pattern resulted from the composition of the latter. Column NC from Table 1 gives the number of deterministic test cubes computed to achieve maximal fault coverage. Columns NPm and NPs show the number of polynomials used by the main and secondary MP-LFSRs to cover all test and mask cubes. Columns PDm and PDs give the length of the polynomials used by the two MP-LFSRs (main and secondary). Columns TC and origTC give the number of transitions in the scan chain obtained by using our TPG and respectively a traditional TPG with a single MP-LFSR [5, 8] . Column redTC% shows the reduction in transition count, which is Table 1 . Experimental results for 1k pseudo-random patterns and deterministic patterns for maximal fault coverage consistent with the probabilistic estimation of 25% reduction from section 3. Column xStorage% shows the amount of additional storage required for storing the mask seeds, relative to the storage size for the test seeds, result which is consistent with the theoretical upper bound of nearly 50% determined in section 4. Finally, columns origFC and mFC compare the fault coverage of 1k pseudo-random pattern sequences and 1k pattern sequences generates using our TPG in non-deterministic mode. The lower fault coverage of the non-deterministic sequences generated by our TPG, a side effect of the masking process, is compensated by a higher number of deterministic patterns, needed to achieve maximal fault coverage. Figure 3 shows, for both the traditional TPG with a single MP-LFSR as well as for our dual MP-LFSR TPG, the relation between the number of nondeterministic test patterns, their fault coverage and the number of deterministic test patterns needed to achieve maximal fault coverage. The number of deterministic patterns for full fault coverage decreases as the length of the nondeteterministic sequence increases. Hence, the storage requirements can be controlled by varying the length of the non-deterministic sequence.
Conclusions
In this paper we have proposed a new TPG for mixedmode BIST based on mask pattern generation and reseeding of dual MP-LFSRs. By employing AND and OR masking, our TPG, at the cost of additional, yet limited, storage requirements, reduces the number of transitions in the scan chain by 25% while preserving the fault coverage and test application time when compared with a traditional TPG with a single MP-LFSR [5, 8] . Future work will investigate the trade-offs in power dissipation and storage requirements when using AND/OR composition functions which have an increased fan-in and hence additional mask MP-LFSRs that will further lower power dissipation during test.
